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SUMMARY
Subduction zones are among the most dynamic tectonic environments on Earth. Deformation
mechanisms of various scales produce networks of oriented structures and faulting systems that
result in a highly anisotropic medium for seismic wave propagation. In this study, we combine
shear wave splitting inferred from receiver functions and the results from a previous SKS-wave
study to quantify and constrain the vertically averaged shear wave splitting at different depths
along the 100-station MesoAmerican Subduction Experiment array. This produces a transect
that runs perpendicular to the trench across the flat slab portion of the subduction zone below
central and southern Mexico. Strong anisotropy in the continental crust is found below the
Trans-Mexican Volcanic Belt (TMVB) and above the source region of slow-slip events. We
interpret this as the result of fluid/melt ascent. The upper oceanic crust and the overlying low-
velocity zone exhibit highly complex anisotropy, while the oceanic lower crust is relatively
homogeneous. Regions of strong oceanic crust anisotropy correlate with previously found
low Vp/Vs regions, indicating that the relatively high Vs is an anisotropic effect. Upper-mantle
anisotropy in the southern part of the array is in trench-perpendicular direction, consistent
with the alignment of type-A olivine and with entrained subslab flow. The fast polarization
direction of mantle anisotropy changes to N–S in the north, likely reflecting mantle wedge
corner flow perpendicular to the TMVB.
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1 INTRODUCTION
The geometry of the Cocos plate subducting beneath the North
America plate is complex and varies along the Middle Amer-
ica Trench (MAT). Singh & Pardo (1993) first suggested that the
slab becomes subhorizontal under Central Mexico. Pardo & Sua´rez
(1995) mapped the change on the slab’s dip angle using local earth-
quake locations. Recently,more precise estimations of this geometry
were obtained using teleseismic converted phases (Pe´rez-Campos
et al. 2008;Kim et al. 2010, 2012; Song&Kim2012a,b) and seismic
wave tomography (Husker & Davis 2009; Chen & Clayton 2012)
using an array of 100 broad-band temporary stations known as the
MesoAmerican Subduction Experiment (MASE). MASE crossed
Mexico from Acapulco, Guerrero, at the Pacific coast, to Tempoal,
∗Now at: Seismological Laboratory, California Institute of Technology,
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Veracruz, at the Gulf ofMexico (Fig. 1). Pe´rez-Campos et al. (2008)
showed that the subducting Cocos plate beneath central Mexico is
flat, and lies just below the base of the continental crust over a
distance of 250 km from the coast before plunging steeply into the
mantle just south of Mexico City.
Another feature of the Mexican subduction zone is the presence
of a thin, low-velocity layer (LVL) observed above the entire length
of the horizontal segment of the subducted plate (Pe´rez-Campos
et al. 2008). This layer extends parallel to the trench up to where
the Cocos plate changes its geometry, to a dip of 41◦ to the north
(Dougherty et al. 2012) and to a dip of 26◦ (Melgar&Pe´rez-Campos
2011) to the south (Dougherty & Clayton 2014). Based on the null
seismicity at the interface in this region and the tensional stress
regime in the upper plate (Singh & Pardo 1993), this layer has been
proposed to absorb most of the deformation between the subducting
and overlying plates, which would explain the horizontal geometry
without significant coupling (Kim et al. 2010). It has been sug-
gested that this LVL has a high pore pressure that is confined by
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Figure 1. Location of the broad-band seismic stations used in theMASE array (blue inverted triangles). The orange area represents the Trans-Mexican Volcanic
Belt. Brown triangles show location of active volcanoes. Slab isodepth contours are from the compilation by Ferrari et al. (2012). Main cities along the array
are marked with red circles.
a low permeability layer directly above the interface in the conti-
nental lower crust (Song et al. 2009; Kim et al. 2010), and that it
might be composed of mechanically weak hydrated minerals, such
as talc (Kim et al. 2010, 2013). The latter is in accordance with
numerical experiments of Manea et al. (2013), which model the
LVL as a remnant of the mantle wedge that experienced significant
serpentinization since the onset of flat subduction. To further con-
strain how the upper and lower plates deform and mantle flows in
response the slab flattening, we study here the seismic anisotropy
along MASE array.
In any anisotropic material, seismic waves travel at different ve-
locities depending on their direction of propagation and polariza-
tion. Such variation can produce a complex effect on the wave field
in which an Swave is separated into two orthogonal phases with dif-
ferent velocity and polarization. These phases, one traveling faster
than the other, progressively split in time as they propagate along the
anisotropic material and exhibit a time delay (δt). Two different ar-
rivals are then observed on a recorded seismogram. Various studies
have revealed the existence of seismic anisotropy along the MASE
array (e.g. Rojo Garibaldi 2011; Ponce Corte´s 2012; Stubailo et al.
2012; Song & Kim 2012a,b; van Benthem et al. 2013). However,
the low degree of resolution of the techniques used hampers the
crustal versus mantle anisotropy discrimination needed to properly
characterize crustal stress and the mantle flow direction. Therefore,
we examined the shear wave splitting observed in P to S converted
phases in the form of receiver functions (RFs) generated at different
interfaces with strong impedance contrasts to quantify and constrain
the seismic anisotropy along theMASE array (MASE 2007; Fig. 1).
Our method of analysis allowed us to assess the vertically averaged
shear wave anisotropy exclusively contained in the continental crust
and oceanic slab in terms of a fast polarization direction, ϕ, and a
time delay, δt. We then used these parameters to remove their con-
tribution from the anisotropy determined by a previous SKS study
(Rojo Garibaldi 2011) along the same array of seismic stations to
determine the anisotropy corresponding to the upper mantle along
the MASE array.
2 PREVIOUS RECE IVER FUNCTION
OBSERVATIONS
Teleseismic waveform modeling, or RF analysis (Langston 1977),
is widely used in seismic structure studies (e.g. Vinnik et al. 1997;
Sandvol et al. 1998). This technique uses converted P to S teleseis-
mic waves, orPswaves, to map structural features beneath a seismic
station. The Ps wave is generated when an incident P wave encoun-
ters an acoustic impedance contrast in the medium. The amplitudes
observed in these time-series are directly related to the incidence
angle of the P wave and the contrast of velocities in the medium.
The timing of the arrivals depends on the depth of the discontinuity,
the P- and S-wave velocities of the layers and the ray parameter
of the incoming wave. In practice, it is non-trivial to observe the
Ps arrival in regular seismograms, since it is usually obscured by
the P-wave coda. However, it is possible to isolate the converted
Ps wave, and therefore, the structure response beneath the station
by deconvolving the P pulse from the rest of the seismogram (e.g.
Langston 1979; Ammon 1991).
We use RFs for 149 teleseismic events (30◦ ≤  ≤ 90◦; Mw ≥
5.8) recorded along theMASE array and obtained by Pe´rez-Campos
et al. (2008). They windowed the signals 30 s before the P-wave
arrival and 90 s after, with a 5 per cent cosine taper. Then, they
deconvolved the vertical component from the horizontal compo-
nents in the frequency domain. A water level of 0.0001, 0.001, 0.01
and 0.1 was first applied to the spectra of the horizontal compo-
nents to avoid division by zero and enhancement of noise (Clayton
& Wiggins 1976). RFs were filtered with a Gaussian filter before
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Figure 2. (a) Stacked radial and tangential RF profile for each backazimuth quadrant, for the first 60 km of MASE. The image shows the slab interface dipping
deeper as the distance from the coast increases. Radial RFs arriving from the northern quadrants appear to be slightly more energetic and coherent than those
arriving from the southern quadrants. Tangential RFs show a distinctive amplitude reversal with a 360◦ periodicity that is characteristic of dipping layers. (b)
RF timing variations of a station located in the first dipping region of the slab (left) and another one located in the subhorizontal region of the slab (right).
The colour of the RFs indicates its backazimuth quadrant (light blue is NE, blue is SE, green is SW and red is NW). The green curves represent the Ps phase
periodicity for the continental crust, whereas the red and blue curves represent it for the upper and lower oceanic crusts, respectively.
transformation back into the time domain. The width of the used
Gaussian filter was either 2.5 or 5.
Preliminary analysis done by Greene Gondi (2009) on those RFs
revealed significant energy content in the tangential RFs, as well as
azimuthal variations in the Ps-wave amplitude, timing and polarity
for both, radial and tangential RFs. These particular features indicate
a departure from an Earth consisting of flat homogeneous isotropic
layers, since such an Earth would produce no tangential energy and
would be free of such azimuthal variations. Fig. 2(a) displays RF
profiles, grouped by backazimuth quadrant, along the southernmost
60 km of the MASE experiment, where the dip of the slab has been
established to be ∼19◦ (Pe´rez-Campos et al. 2008). The image
shows the slab interface with a negative pulse over a distinctive
positive pulse, dipping down as the distance from the coast grows.
In addition, there is significant azimuth variation in the mapped
interface geometry.
In the radial RFs,Pswaves arriving from the northern geographic
quadrants (downdip) appear to be more energetic and coherent than
those arriving from the southern quadrants (updip). Moreover, the
amplitudes of direct P waves are larger for azimuths within the
NW and SE quadrants, which are approximately coincident with
the strike of the subducting slab. Tangential RFs, on the other hand,
appear to be even more complex. Aside from significant energy
content and variation from all geographic quadrants, Ps waves ex-
hibit an amplitude reversal with a 360◦ periodicity, in agreement
with the effect of dipping layers (Cassidy 1992). A similar anal-
ysis conducted at each station of the MASE array also revealed
azimuthal variations and substantial energy content in both, radial
and tangential, RFs. However, the lack of observed consistency in
the maximum amplitude direction between stations and the addi-
tional existence of ‘split’ Ps phases led us to consider the presence
of seismic anisotropy, since dipping layers alone cannot produce
these effects.
The expected effect of anisotropy is that Ps amplitude of the tan-
gential component is minimum along the fast and slow polarization
directions and reaches a maximum 45◦ from either one of these axes
(Bowman & Ando 1987; Silver & Chan 1988; Savage et al. 1990;
Levin & Park 1998). Moreover, in transversely anisotropic layers
with horizontal symmetry axes, RFs tend to display a 180◦ period-
icity as a function of backazimuth for the arrival times of the Ps
phases, as well as a change in polarity in its tangential component
whenever there is a change from an azimuth of fast velocity to one
of slow. This is in contrast to dipping symmetry axes, which have
waveforms with 360◦ periodicity (Savage 1998). Fig. 2(b) shows a
comparison between the RFs’ timing variation of two stations, one
located in the first 60 km of the array, and another one at ∼110 km
from the coast, where the slab has been found to be horizontal
(Pe´rez-Campos et al. 2008). Stations located above the dipping part
of the slab clearly show 360◦ periodicity, while those above regions
of plane layered high anisotropy show 180◦ periodicity (Fig. 2b).
3 EST IMATION OF ANISOTROPY
PARAMETERS
The first step to estimate the anisotropy was to remove the RF
variations due to the backazimuth and ray parameter of the incom-
ing rays. To remove this effect, we performed a normal moveout
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correction that brings the conversion point of the Ps phases of inter-
est to one in common. This procedure was analogous to relocating
the source of every RF to the same depth and distance from the
station, leaving only the effect due to azimuth. In this study, we
used a slight modification of the ‘Four-Pin’ moveout correction
(Chen & Niu 2013), which approximated the ray parameter of the
primary Ps phase with the direct P wave (e.g. Chevrot & van der
Hilst 2000; Zhu & Kanamori 2000; Nair et al. 2006). We assumed
the velocity model by Iglesias et al. (2010), the geometry of the
slab reported by Pe´rez-Campos et al. (2008) and a reference ray
parameter of 6.5 s per degree to match the Ps arrivals for all RFs
at one station by either stretching or contracting them. We started
this process for the Ps phase for the continental Mohoro¨vicˇic´ dis-
continuity. Then, we repeated it progressively for all the deeper Ps
phases analysed in this study (upper–lower oceanic crust interface
and lower oceanic crust–mantle interface). Once the effect of the
ray parameter discrepancy over the relative time of arrival of the
Ps phases was removed, the azimuthal variations on the velocities
could be measured with higher precision and they only reflected the
anisotropic properties and the non-horizontality of the layers.
After removal of the azimuthal and ray parameter variations, we
could determine the anisotropy parameters. We did this separately
for the dipping layers and for the flat section. To characterize the
anisotropic component in regions where the existence of dipping
layers had been previously determined (southern∼60 km of MASE
array), we used a technique similar to the one used in most seismic
refraction experiments. It consisted of directly measuring the az-
imuthal variation of the velocities of the waves to determine the fast
azimuth direction (ϕ), and cross-correlating the radial and the tan-
gential components to define the magnitude of shear wave splitting
(δt) (Appendix A in the Supporting Information).
We recognized that some of the azimuthal dependence on the
converted phase might be due to the dipping interfaces. We tested
this by generating synthetic RFs in dipping and flat slab config-
urations to compare the isotropic and anisotropic effects on the
signals. Fig. 3 shows synthetic RFs (Frederiksen & Bostock 2000)
for four cases (Table 1): (i) isotropic horizontal-layered media; (ii)
anisotropic horizontal-layered media; (iii) isotropic dipping-layered
media and (iv) anisotropic dipping-layered media. Radial and tan-
gential RFs were complex for the anisotropic cases, and the 180◦
periodicity is evident as expected from the discussion above.
In regions that can be approximated by horizontal layers, we
averaged the results of a particle motion analysis and a waveform
cross-correlation procedure (McNamara & Owens 1993), except
in the cases where the results of the two differed considerably. In
such cases, the discrepancy is ascribed to difficulties in determining
the initial Ps polarization direction, and thus the waveform cross-
correlation result alone was used. After these steps, the fast azimuth
direction (ϕ) and the time delay (δt) of the Ps waves had been
estimated for the dipping and horizontal sections.
Unlike most seismic anisotropy studies with RFs, which charac-
terize the anisotropic component of a single relatively shallow layer,
we seek to measure shear wave splitting in both the continental crust
and the underlying oceanic slab. For this reason, it is essential to
take into account that RFs carry the structural information from the
conversion point of the Ps waves to the seismic station where these
are observed (Fig. 4). Hence, a phase generated at a discontinuity
at depth h2 will convey the effects of the discontinuity at depth h1.
Similarly, a converted wave generated at a depth of h3 will convey
the effects of the discontinuities at depth h2 and h1 (assuming that
h1 < h2 < h3). Therefore, before measuring the shear wave
anisotropy of a given layer, it is necessary to characterize and re-
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Figure 3. Synthetic RFs for (a) horizontal-layered isotropic media; (b)
horizontal-layered anisotropic media; (c) dipping-layered isotropic media
and (d) dipping-layered anisotropic media, dip = 45◦ to the east. Prop-
erties of the layer models shown in the left are detailed in Table 1. For
the anisotropic models, fast azimuth direction ϕ = 45◦, δt for each layer is
colour-coded. Top panels, for each model, show the radial component, while
the bottom, the transverse component. Dashed lines delineate the selected
Ps phase for each layer discontinuity. Picking is done only in the radial
component.
move the anisotropic effect of the preceding Ps phases by rotating
the radial and tangential RFs to the fast and slow polarization direc-
tions of the overlying layers and by accounting for the shear wave
splitting between the two orthogonal phases in question.
Theϕ and δt for eachRFwere assigned a quality ranking based on
the signal-to-noise ratio and impulsiveness of the radial Ps phases.
They were only considered useful when waveforms were similar in
shape in the fast/slow coordinate system, when corrected particle
motion was linearized and when the shear wave splitting time was
within a coherent range. For this last quality control, we considered
an upper time splitting limit of 0.35 s for the continental crust
and 0.25 s for the upper and lower oceanic crusts, based on their
average thickness and reasonable seismic velocities. Measurements
of crustal anisotropy worldwide typically range between 0.1 and
0.3 s and average to 0.2 s (e.g.Kaneshima 1990; Silver&Chan 1991;
Silver 1996; Crampin &Gao 2006). Furthermore, the crustal, upper
limit set for the time delay in this study is consistent with earlier
anisotropy measurements in this same region of flat slab subduction
(Song&Kim2012a,b; Audet 2013; Huesca-Pe´rez et al. 2016). Final
ϕ and δt values for a particular depth at each station were obtained
by discarding low-quality estimates and averaging the remaining
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Table 1. Parameters for synthetic models shown in Fig. 3.
Model Estimated Model Estimated
Thickness (m) Vp (m s−1) Vs (m s−1) ρ (kg m−3) Strike (◦) Dip (◦) ϕ (◦) δt (s) ϕˆ (◦) δˆt (s) ϕ (◦) δt (s) ϕˆ (◦) (s)
Horizontal Isotropic Anisotropic
28 000 6000 3400 2700 0 0 0 0 0 0 45 0.15 12 0.10
5000 6100 3500 2700 0 0 0 0 0 0 45 0.15 30 0.10
5000 6400 3700 2800 0 0 0 0 0 0 45 0.20 33 0.25
− 8000 4600 3400 0 0 0 0 0 0 0 0 0 0
Dipping Isotropic Anisotropic
28 000 6000 3400 2700 0 20 0 0 33 0 45 0.15 33 0.10
5000 6100 3500 2700 0 20 0 0 55 0 45 0.15 11 0.13
5000 6400 3700 2800 0 20 0 0 0 0 45 0.20 39 0.26
− 8000 4600 3400 0 0 0 0 0 0 0 0 0 0
Notes: Vp = P-wave velocity, Vs = S-wave velocity, ρ = density, ϕ = fast azimuth direction, δt = time delay, ϕˆ = estimated fast azimuth direction and δˆt =
estimated time delay.
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Figure 4. (a) Schematic anisotropy effect for each layer. (b) Illustration of the procedure used to constrain the upper-mantle anisotropy beneath station VEVI.
Left: layer model for station VEVI, indicating the fast azimuth direction and the delay time. The total anisotropy parameters correspond to the SKS previously
reported by Rojo Garibaldi (2011). Right: vector sum, each vector is colour-coded according to the layer (green= continental crust; red= LVL+ upper oceanic
crust; blue = lower oceanic crust and yellow = upper mantle). The vector direction corresponds to the fast azimuth direction, and the length, to the delay time.
The sum of vector for all layers, including the unknown for the upper mantle, should be equal to the SKS vector.
values over for the full backazimuth range. We used McNamara &
Owens’ (1993) criterion as a reliability check of our final ϕ and δt
estimates. This was done by stacking all available high-quality RFs
in the fast/slow coordinate system as defined by the fast polarization
direction of the recently characterized layer and station. All selected
RFs were multiplied by +1 or −1 depending on their polarity to
ensure that every trace presented a positive polarity of the Ps phase
of interest in both the fast and slow components of motion. In most
cases, RFs showed an increase in their waveform similarity and a
well-defined phase splitting, which suggested an appropriate ϕ and
δt estimation.
Once the continental and oceanic crust anisotropy were estab-
lished, their influence was removed from the previous SKS mea-
surements made by Rojo Garibaldi (2011) along the same array of
seismic stations. The SKSmeasurement is the cumulative total of the
anisotropy all along the upgoing S-wave path through themantle, the
slab (where present) and the continental crust (e.g. Silver & Chan
1991; Silver 1996; Savage 1999; Long & Silver 2008). The removal
process was done by representing the SKS anisotropy as a vector,
with its direction given by ϕ and a length equal to δt. This vector
represented the anisotropy for the crust and the upper mantle. In the
southern segment of theMASE array, it also included the anisotropy
for the slab. We then subtracted the anisotropy vectors of the other
corresponding layers from the SKS anisotropy vector to provide us
with an approximate measure of the seismic anisotropy contained
exclusively in the upper mantle. Fig. 4 shows the schematic process
of such a removal for one station. The uncertainties (σϕ , σ δ t) of the
SKS splitting measurements (σ δ t ≈ 0.2 s) include, and are actually
larger than, the uncertainties measured using RFs in the continental
and oceanic crust (σ δ t ≤ 0.1 s). In this study, the splitting parameters
(ϕ, δt) reported for the upper mantle in Table B4 in the Supporting
Information are obtained by subtracting the anisotropy of the crust
(continental and oceanic where present as given in Tables B1−B3
in the Supporting Information) determined from RF from the SKS
measurements. The uncertainties (σϕ ,σ δ t) reported in Table B4 in
the Supporting Information, however, are the uncertainties from the
original SKS study and are considered to represent the uppermost
bound.
We followed the described procedure for the four models shown
in Fig. 3 with parameters listed in Table 1. No anisotropy was
detected for the isotropic horizontal-layered model, while for the
anisotropic case, values for ϕ and δt were roughly recovered. A
ϕ was detected for the isotropic case with dipping layers. How-
ever, δt was equal to zero for all layers, with isotropy as expected.
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ϕ estimates were not accurately recovered for the anisotropic
dipping layers. This suggested that some effect from the non-
horizontality of the layers affects its estimation, but the form of
δt was recovered if not the exact values. Therefore, for our analysis
we only considered δt estimated from RFs in which the waveforms
of the fast and slow components are similar, in order to reduce the
effect introduced by the dipping of the layers.
4 RESULTS AND DISCUSS ION
The obtained anisotropy parameters are listed along with their cor-
responding standard errors in Appendix B in the Supporting In-
formation. Shear wave splitting measurements may have been con-
taminated by the scattering caused by small-scale heterogeneities
in the lithosphere, which under certain circumstances may have
induced a ‘false’ splitting in our data that was not necessarily corre-
lated between events (Langston 1989; Randall & Owens 1994). To
limit these effects, we described the relationship between our ob-
servations and their spatial variation by a loess smoothing function.
This function was based on a classic least-squares inversion and at-
tempted to find a general description of the data by a global assump-
tion of the shape. In this case, a quadratic and its locally weighted
mean were found to best fit the data (e.g. Efron & Tibshirani 1993).
With this method, we were able to provide local descriptions of the
average anisotropic properties of the medium and identify patterns
in its variations. Gilje & Thomsen (1970) homogenization criterion
was then used to laterally classify our observations based on their
fast direction variance.
4.1 Continental crust
There are several mechanisms for generating hexagonal anisotropy
in the continental crust, including alternating layers with contrast-
ing elastic properties, aligned minerals in the proximity of crustal
shear zones or metamorphic terranes (Balfour et al. 2005; Boness
& Zoback 2006) and stress-aligned cracks in sedimentary rocks
(Crampin 1990; Hudson 1994; Crampin & Zatsepin 1997; Crampin
& Chastin 2003; Boness & Zoback 2004). In the case of aligned
cracks, the fast direction is associated with the crack orientation
whereas the time delay is related to the density and consistency
of cracks. Alternately, if anisotropy is the outcome of shear fabric,
the anisotropic component depends on the direction of fabric and
degree of shearing (Cochran et al. 2006).
This anisotropic component of the continental crust was charac-
terized in a total of 71 stations out of the 100 that composed the
MASE array due to the limited amount of RFs available for pro-
cessing, and the difficulty to identify impulsive Ps phases in various
traces. In region A of the continental crust (Fig. 5), the estimated
fast azimuth displays a consistent NE–SW orientation. However,
the fast azimuth vectors exhibit a slight rotation toward to the E–W
direction near the border limit of the Xolapa terrane, the Guerrero-
Morelos platform and theMixteco terrane. The NE–SW orientation
displayed by the first part of the array is consistent with the regional
stress field, which is expected to have a maximum compression
axis in this direction as a consequence of the subduction process
(Suter 1991). This anisotropy is most likely the result of aligned
microcracks, a process referred to as extensive dilatancy anisotropy
(Crampin 1994). In this simplified model, it is possible to approx-
imate such a setting as transverse isotropy (TI) with a horizontal
symmetry axis in which pre-existing cracks that are approximately
parallel to the direction of maximum compressive horizontal stress
may have been opened while others are closed. We suggest that
the anisotropy direction near the boundary of the Xolapa terrane
is influenced by the E–W to WNW–ESE striking shear zone that
bounds it (Solari et al. 2007).
Further into the array, within zones B and C of the continental
crust (Fig. 5), we identifiy a subregion exhibiting a relatively high-
anisotropy percentage (∼1.5 per cent) confined to 105–140 km
from the coast (Fig. 6d). Previous poroelastic modeling of slow-slip
events (SSEs) observed in southern Mexico (Villafuerte 2014) has
revealed that both the 2006 and 2010 SSEs induced a confining pres-
sure reduction in this region that could be functioning as a dilatancy
mechanism (Fig. 6e). This strain configuration could be translated
as a proclivity of the continental crust to fracture and stimulate
the existence of open cracks, which may in turn enhance the shear
wave splitting in this part of the array and explain the observed con-
trasts in anisotropy percentages. However, the increased dilatancy
modeled by Villafuerte (2014) was not solely limited to the region
where we find an elevated anisotropy percentage, so there must be
additional, undetermined, mechanisms that contribute to the shear
wave splitting observed in this part of the array.
Within the Trans-Mexican Volcanic Belt (TMVB, zones D-I;
Fig. 5), anisotropy is most likely associated with open cracks, vol-
canic vent alignment and the dominant trend of faulting. The main
tendency of the fast azimuth directions inside this region display a
parallelism with the general direction of the Neogene extensional
faulting, which has an ENE–WSW and E–W preferred orientation
(Ferrari et al. 2012). Also, a comparison with numerous other stud-
ies along the MASE array suggests that the existence of fluids and
partial melts generated by the subduction process play an important
role in the increased observed shear wave splitting (Fig. 6). Zones of
high conductivity (Jo¨dicke et al. 2006), low velocity (Iglesias et al.
2010) and high attenuation (Chen & Clayton 2009) are consistent
with the anomalously high-anisotropy percentage zone found in the
crust below the TMVB. This last correlation leads us to believe that
the vertical fracturing produced by the ascent of lower density ma-
terials is an important mechanism that contributes to the observed
high shear wave time splitting within this volcanic province.
4.2 Oceanic crust
Reliable measurements for the LVL and upper and lower oceanic
crusts were obtained in 34 MASE stations (Fig. 7). They were con-
sidered reliable if the subducting plate was observed in the RF signal
and the continental crust anisotropy was successfully established.
Fast azimuth direction estimates for the LVL and the upper oceanic
crust display a more complex configuration than that observed for
the continental crust, exhibiting significant variability and contrasts
at smaller distances. Our interpretation of these inconsistencies is
that the high heterogeneity and structural complexity of this layer
is a direct consequence of the fragility of the low strength hydrous
minerals that have been proposed to compose it (e.g. talc; Kim et al.
2010), which, under a significant amount of stress, could result in
a highly heterogeneous fracturing pattern. The lower oceanic crust,
on the other hand, appears to be less heterogeneous, as previously
suggested by Kim et al. (2010). Given the existing high confin-
ing pressure at this depth, most of the anisotropy within the lower
oceanic crust is likely associated with the presence of foliated ser-
pentine minerals and with the preferred orientation of olivine and
pyroxene crystals generated during the formation and spreading of
the oceanic plate. These mechanisms would explain the increased
consistency in the estimated fast azimuth directions. This is because
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Figure 5. Variation of the anisotropy parameters ϕ and δt for the continental crust. The thick red lines represent the loess smoothed descriptions of the
parameters. The coloured bars at the top of the panels indicate the tectonostratigraphic terranes (green: Xolapa terrane; blue: Guerrero-Morelos platform;
yellow: TMVB and purple: Precambrian-Palaeozoic basement). The map shows the smoothed anisotropy measurements projected onto a horizontal plane. The
size of the bars represents the magnitude of the observed shear wave splitting, whereas their orientation indicates the fast polarization direction. The letters on
the map mark changes in the fast polarization direction, identified using Gilje & Thomsen’s (1970) homogenization criterion. Also shown on the map are the
main crustal units and the most prominent tectonic and volcanic structures of the Trans-Mexican Volcanic Belt (the black thin lines indicate mapped faults and
the red dots indicate the main calderas; Ferrari et al. 2012). Brown triangles show location of active volcanoes.
once a mineral preferred orientation fabric is formed, it is highly un-
likely to be destroyed, unlike in the case of fracturing. The resultant
anisotropy is preserved during the subduction process to at least a
depth of 400 km, where the pressure and temperature (P-T) condi-
tion promote the transformation of olivine to wadsleyite (Heiffrich
& Wood 2001).
Detailed mapping of inverted seismic parameters along the
MASE array has previously revealed high Poisson’s and Vp/Vs ra-
tios (2.3–2.8) in the subhorizontal region of the upper oceanic crust
on top of an unaltered lower oceanic crust (Kim et al. 2010). In
most cases, high Poisson’s and Vp/Vs ratios have been interpreted
as regions with a high fluid content or high pore pressure (Kodaira
et al. 2004; Audet et al. 2009; Peacock et al. 2011). An alternate
and complementary hypothesis is that the high Vp/Vs ratio due to a
low S-wave velocity can be related to a preferred mineral alignment
in the medium, a process expected to be particularly marked in the
case of serpentine (Mainprice & Ildefonse 2009; Bezacier et al.
2010). To analyse this relationship further, Fig. 8 (upper) shows
a comparison of Vp/Vs ratios (Kim et al. 2010) and the estimated
anisotropy percentages for the upper and lower oceanic crusts of the
first∼160 kmof theMASEarray.Assuming the existence of a single
Vp/Vs value below each station may be an oversimplification, since
in an anisotropic medium there are at least three wave velocities (Vp,
Vs1 and Vs2), and consequently two Vp/Vs ratios (Vp/Vs1 and Vp/Vs2)
that vary with direction (e.g. Mavko et al. 1998). Although it is not
possible to separate the two, Vp/Vs gives the average of the two.
High-anisotropy percentages found in the LVL and the upper and
lower oceanic crusts exist in zones with low Vp/Vs values, and thus
high S-wave velocity (grey dashed boxes Fig. 8). Two simple TI
models are able to explain this observation, one with a horizontal
Seismic anisotropy variations 367
Figure 6. Comparison of the geophysical structures along the MASE array, obtained in a range of studies. (a) Resistivity measurements from a magnetotelluric
survey (Jo¨dicke et al. 2006). (b) Shear wave velocity along the MASE array from a surface wave study (Iglesias et al. 2010). (c) Attenuation inversion results
from P waves (Chen & Clayton 2009). (d) Anisotropy percentages observed in this study. (e) Confining pressure, Pc, distribution induced by the 2006 SSE
(Villafuerte 2014).
symmetry axis and the other one with a vertical symmetry axis
(Fig. 8, bottom). Our RFs are derived from teleseismic events, so
the rays analysed in these time-series traveled vertically through
the structure. The observed shear wave splitting is therefore much
more sensitive to a configuration with a horizontal symmetry axis
than to one with vertical symmetry axis. The average shear wave
velocity in a TI medium with horizontal symmetry axis, where a
‘fast’ and a ‘slow’ shear wave exists, is larger than the shear wave
velocity in a TI medium with vertical symmetry axis, where only
‘slow’ S waves exist. This explains the regions in which we observe
a low Vp/Vs value and, at the same time, a high-anisotropy percent-
age (vertical symmetry axis) and vice versa (horizontal symmetry
axis). The Vp/Vs ratios shown in Fig. 8 were obtained by Kim et al.
(2010), assuming fixed P-wave velocities, making its variation due
to anisotropy irrelevant. These observations were in agreement with
those of Wang et al. (2012), who analysed the Vp/Vs and anisotropy
relationship in fractured media for a wide range of confining pres-
sures.
The same correlation is observed by analysing the Vp/Vs ratios
computed for the continental crust along the MASE array (Fig. 9).
A region with a low Vp/Vs ratio in the tomography (Huesca-Pe´rez
& Husker 2012) is coincident with a region of the continental crust
that exhibits a low average anisotropy percentage in this study. This
may seem contrary to the observed relationship with the results of
Kim et al. (2010), in which low Vp/Vs ratios corresponded to high-
anisotropy percentages. However, their tomographywasmostly lim-
ited to horizontal ray paths, for which the high shear wave velocity
(low Vp/Vs ratio) might also be a consequence of waves propagating
parallel to the foliation of the medium, while it would be expressed
as a low shear wave time splitting for the vertical paths in this study.
Based on the previous analysis, we argue that anisotropymay have
an influence inVp/Vs ratios and that its considerationmay be relevant
when studying the rheology of the medium. It is important to clarify
however, that this observation does not undermine the role of fluids
or pore pressure in Vp/Vs ratio estimations. The anomalously high
Vp/Vs ratios, as the ones observed by Kim et al. (2010), and the
anisotropy observed throughout the medium could only be found
by a combination of slow polarized shear waves and the presence
of water and hydrous minerals or high pore pressure. This suggests
that there is high pore pressure that maintains cracks open, creating
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Figure 7. Variation of the anisotropy parameters (ϕ and δt) for the LVL+ upper and lower oceanic crusts. The thick red lines represent the loess-smoothed
descriptions of the parameters and the coloured bars on the top of the panels indicate the changes in the dip angle of the slab (blue is where the plate subducts at
an angle of 19◦, red is the subhorizontal region of the slab and green is where the oceanic plate plunges steeply into the mantle). The maps show the smoothed
measurements projected into a horizontal plane. The size of the bars represents the magnitude of the observed shear wave splitting, whereas the orientation
indicates the fast polarization direction. A schematic model of the horizontal slab geometry is shown alongside the obtained measurements.
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Figure 8. Top: Vp/Vs ratio (Kim et al. 2010). Middle: anisotropy percentage variations within the LVL+ upper and lower oceanic crusts from this study. The
subhorizontal part of the oceanic crust starts at latitude 17.2◦. The orange dashed boxes indicate the regions that exhibit the highest anisotropy percentages,
whereas the grey dashed boxes indicate the regions where the estimates of Vp/Vs ratios are highest. Each anisotropy percentage variation plot is generated
using the spline interpolation scheme. Bottom: schematic models of a TI medium that can explain the patterns of the seismic parameters: orange dashed
box—horizontal symmetry axis and grey dashed box—vertical symmetry axis. For a wave propagating vertically, both the average P- and S-wave velocities
are greater in the medium with a horizontal symmetry axis than in the one with a vertical symmetry axis. The shear wave splitting is also larger in the medium
with a horizontal symmetry axis.
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Figure 9. (Top) Vp/Vs ratio (Huesca-Pe´rez & Husker 2012) compared with
(bottom) anisotropy percentage variations within the continental crust along
the first 170 km of the MASE array.
a high Vp/Vs ratio and perpendicular permeability anisotropy, with
the first effect enhancing the second one.
4.3 Upper mantle
At high confining pressures and high temperatures, where no mi-
crofractures and open cracks can exist, anisotropy is controlled by
the preferred orientation of (olivine) minerals. Plastic and viscous
flow is the foremost mechanism that systematically orients crystals
in the upper mantle, and is responsible for the anisotropy of its ag-
gregates (Mainprice &Nicolas 1989). Early interpretations of shear
wave splitting with SKS waves were made under the assumption
that the fast polarization direction is parallel to the asthenospheric
flow (e.g. Christensen 1984; Nicolas & Christensen 1987; Zhang
& Karato 1995). Such premises came from laboratory experiments
that involved dry olivine samples. However, subsequent work found
that by using wet olivine, the relationship between the orientation
of fast polarized shear waves and the flow direction changed, such
that the fast axis aligns perpendicular to the flow (Jung & Karato
2001). This configuration was known as olivine type-B, whereas
the relationship of dry olivine is type-A. Typically, type-A olivine
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Figure 10. (a) Map showing the smoothed anisotropy measurements for the upper mantle projected into a horizontal plane. The length of the bars in the map
represents the magnitude of the observed delay times, whereas the orientation indicates the fast polarization directions. The extension of the Orozco Fracture
Zone (OFZ) projected beneath the North American plate is shown as the dashed red line along with two thinner lines indicating the approximate width of the
possible fracture zone (Blatter & Hammersley 2010). The eastern region where the existence of another tear in the plate has been suggested, but not confirmed,
is pointed out with a question mark. The red arrows within the map indicate the different asthenospheric flow directions suggested by this study. F0 represents
the 2-D, subslab entrained flow induced by the drag of the subducting plate, and F1, in the northern part of the array, represents corner flow within the mantle
wedge driven by the subduction process. The blue line across the measurements denotes the section presented in the lower part of the image. (b) Depth profile
showing the estimated anisotropy percentages along the MASE array. Larger delay times in the southern part of the array (∼1.2 per cent) are observed in the
upper mantle under the flat slab, where mantle flow is likely to be completely horizontal. Smaller delay times (∼0.9 per cent and 0.7 per cent) are observed
where the slab is dipping, and consequently the asthenospheric flow has both a horizontal and a vertical component. The black arrows represent subslab
entrained flow under the southern half of the array, and corner flow within the mantle wedge beneath the northern half of the array.
is found in regions of low water content, relatively small amounts
of stresses and high temperatures, while type-B olivine is character-
istic of enriched water settings, high stresses and low temperature
(Jung & Karato 2001; Karato et al. 2008; Long 2009a). In subduc-
tion zones, the mantle wedge tip frequently meets the conditions
required for the existence of type-B olivine, whereas type-A (or
similar) is found throughout the mantle wedge core (Kneller et al.
2005). However, the observed anisotropy in the upper mantle be-
neath the MASE array may be due to type-A olivine, because of the
young age (∼14 Ma) of the Cocos plate and its high temperature
(Pardo & Sua´rez 1995; Manea et al. 2005, 2006; Husker & Davis
2009; Rojo Garibaldi 2011).
Fig. 10 shows the anisotropy for the upper mantle. In the southern
part of the array, before the oceanic plate plunges steeply into the
mantle, ϕ values are oriented NE–SW and are consistently perpen-
dicular to the trench, while δt estimates display a slight variability
depending on the distance from the coast. We propose that the ori-
entation of the fast axes is a result of subslab entrained mantle flow.
This interpretation is consistent with earlier work using data from
the MASE array (Rojo Garibaldi 2011; Bernal-Lo´pez et al. 2016)
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and from the Mexican permanent network (Ponce Corte´s 2012; van
Benthem et al. 2013). Within this region, we are able to distin-
guish two areas with a relatively weak anisotropy percentage (zones
A and D–E in Fig. 10b). We suggest that this might be a conse-
quence of the relationship between the tilt of the flow and the nearly
vertical incidence of the SKS waves used to measure the original
shear wave splitting parameters. Given that the slab drags the man-
tle underneath, slab geometry controls both the direction and the
inclination of the flow. Below the flat slab region, mantle flow only
has a horizontal component. Where the slab is dipping, however,
mantle flow has both horizontal and vertical components. As the dip
of the slab increases, the horizontal component of flow decreases
and so does the measurable delay time considering that the shear
wave splitting method can only resolve the horizontal component
of the flow (Fig. 10b). SKS shear wave splitting measurements are
usually interpreted to result from azimuthal anisotropy in the upper
mantle under the station (e.g. Long 2009b) and this is the view we
adopted in this study. Alternatively, if a medium with TI and hexag-
onal symmetry is assumed, and if the SKS path is subparallel to the
dipping symmetry axis, a small splitting time may result.
Further north, where the oceanic slab is no longer visible in the
RFs, a slight variation in the behaviour of the fast azimuth directions
for the upper mantle is evident given that these become oriented
N–S. Long & Silver (2008) suggested that mantle flow in the wedge
is controlled by the competition of two flow fields: (1) a 2-D corner
flow that depends on the viscosity between the subducting slab and
the mantle around it (poloidal flow); and (2) a 3-D return flow
around the slab edge that is induced by migration of the trench
(toroidal flow). In the area of our study, the fast azimuthal direction
and the amount of splitting (Fig. 10), suggest the predominance
of corner flow induced by downdip motion of the slab over a 3-D
return flow. This interpretation is consistentwithBernal-Lo´pez et al.
(2016). They proposed that the different orientation of the fast axes
between the southern and northern ends of the MASE deployment
can be explained because the TMVB is not subparallel to the MAT
(Gil 1981; Sua´rez & Singh 1986; Ferrari et al. 2012). It is important
to take into account that due to the low resolution achieved by RFs
in extremely dipping layers, it was not possible to quantify and
remove the anisotropy contribution of the subducting plate beneath
the mantle wedge. Therefore, the results for this region might have
been partly contaminated by the oceanic plate anisotropy.
The anisotropy percentages in the northern half of the MASE
array show some differences in strength (Fig. 10b). Zone F shows a
small anisotropy percentage. In the region immediately to the north
(zones G and H in Fig. 10b), the observed anisotropy percentages
went up to ∼2 per cent. Finally, the anisotropy percentages drop
down to∼0.6 per cent at a distance of 380 km from the coast (zones
I, J and K in Fig. 10b). The strong anisotropy percentages observed
in zones G and H may possibly occur in the region where corner
flow is most coherent, as indicated by the consistent orientations of
the fast axes in Fig. 10(a).
It has been suggested that a slab-tear exists along the eastern
projection of the Orozco Fracture Zone as has been previously sug-
gested (DeMets & Wilson 1997; Dougherty et al. 2012; Stubailo
et al. 2012). If this is the case, then slab rollback (Go´mez-Tuena
et al. 2007) should induce toroidal flow through such a tear. Our
anisotropy data do not provide any evidence for flow through the
tear, but this is most likely a consequence of the fact that the MASE
array was deployed too far east of the proposed tear. As it hap-
pens, seismic coverage of the area around the proposed tear is
sparse (van Benthem et al. 2013). The only existing station near
the proposed tear is ZIIG from the Mexican permanent network.
The fast axis at that is oriented NNW–SSE (van Benthem et al.
2013; Valenzuela & Leo´n Soto 2017) and is clearly different from
the trench-perpendicular fast axes observed at stations located to
the east (this study; Rojo Garibaldi 2011; Ponce Corte´s 2012; van
Benthem et al. 2013; Bernal-Lo´pez et al. 2016; Valenzuela & Leo´n
Soto 2017), over the flat slab. Data from new stations are needed,
however, in order to establish that the anisotropy pattern at ZIIG
is caused by flow through a slab tear. For comparison, it should
be noted that Leo´n Soto et al. (2009) documented toroidal flow
around the western edge of the Rivera slab and also flow through
the tear between the Rivera and Cocos slabs, but these observations
were only available at a handful of stations. Otherwise, anisotropy
at stations located directly over the Rivera slab is consistent with
both subslab entrained flow and with corner flow within the mantle
wedge (Leo´n Soto et al. 2009).
5 CONCLUS IONS
Vertically averaged shear wave anisotropy was quantified using P
to S converted phases generated at different depths along a 100-
station broad-band array across southern and central Mexico using
a direct characterization technique, a particle motion analysis and a
cross-correlation procedure. Our results were then used to remove
the contribution of the crustal anisotropy from a previous SKS-wave
splitting study along the same array of seismic stations.
Anisotropy measurements for the continental crust define a com-
plex pattern, suggesting that multiple factors on numerous scales
control the stress field in the crust in central and southern Mexico.
Within the range of observations for this layer, we were able to
distinguish four major ones: (1) fast azimuthal orientations quasi-
parallel with the convergence direction of the Cocos and North
America plates, for the first 80 km of the array, (2) two subregions
with relative low-anisotropy percentage (∼1.3 per cent) confined to
80–105 and 140–170 km from the coast, (3) a dominant parallelism
between the fast polarization directions and the ENE–WSW and
E–W trending of the extensional faults within the TMVB and (4)
high-anisotropy percentages in central Mexico (∼2 per cent) which
we attribute to the vertical fracturing of the crust caused by fluid
ascent and partial melts (Jo¨dicke et al. 2006; Chen & Clayton 2009;
Iglesias et al. 2010).
Moving from the continental crust to the subducted oceanic crust,
we found a relationship between Vp/Vs ratios and anisotropy. High
shear wave splitting values in the upper and lower oceanic crusts
correspond to zoneswhere previous studies determined high S-wave
velocities.We explained this observationwith a TImodelwith a hor-
izontal symmetry axis in which the existence of fast-polarized shear
waves may result in an overestimation of the average shear wave
velocity and reveal itself as a low Vp/Vs ratio and high-anisotropy
percentage. The same correlation was observed between estimated
continental crust anisotropy and the velocities in a previous tomo-
graphic study (Huesca-Pe´rez & Husker 2012).
The anisotropy in the upper mantle appears to be controlled by
type-A olivine preferred orientations. In the southern part ofMASE,
before the plate dips steeply into the mantle, the observed fast
azimuthal directions suggest the existence of subslab entrained flow
perpendicular to the trench, induced by the drag of the plate. Corner
flow within the mantle wedge is consistent with the anisotropy
pattern observed in the northern part of the array. The change in
the orientation of the fast axes between the southern (NE–SW axes)
and northern (N–S axes) ends of the array is explained because the
TMVB is not subparallel to the MAT.
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Appendix A: Anisotropic component characterization for non-
horizontal layers
Figure A1. Radial and tangential RFs of station PLAY (left). The
colour of the RFs indicates its backazimuth geographic quadrant
(light blue is NE, blue is SE, green is SW and red is NW). The
dashed lines over the RFs represent the continental crust (green),
upper oceanic crust (blue) and lower oceanic crust (red) pulses.
Characterization process of the timing variations of the analysed
Ps phases (right). The colour format is the same as in the left
figure. The fitted curve parameters were obtained using a grid search
algorithm for all coherent values of A, T, ϕ and C. The ϕ values
for the analysed phases of this station are: 205o, 157o and 183o,
progressively.
Figure A2. Example of used and discarded RFs rotated to the
fast/slow system from which reliable measurements of δt were
obtained for the different Ps phases analysed in station PLAY. The
dashed red lines represent the splitting between the two phases.
Appendix B: Anisotropy parameters
Table B1. Average anisotropy parameters for the continental crust.
Table B2. Average anisotropy parameters for the upper oceanic
crust.
Table B3. Average anisotropy parameters for the lower oceanic
crust.
Table B4. Anisotropy parameters for the upper mantle.
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